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chemo- and radiation therapy.[3] Nev-
ertheless, the median overall survival 
after multimodal treatment has not been 
extended beyond 15 months.[4] Increasing 
evidences prove that the complex and het-
erogeneity of GBM underlies the ineffec-
tiveness of current therapeutics.

RNA interference (RNAi) with a high 
specifically and low toxicity has been con-
sidered as a highly promising modality for 
treating various intractable GBM.[5] How-
ever, the lack of siRNA vectors remains a 
key obstacle for the application of RNAi 
technology in disease therapy.[6] Viruses 
have shown excellent siRNA delivery capa-
bility, however, the mutagenic toxicity and 
immunogenicity seriously hinder their 
clinical applications.[7] Comparatively, non-
viral vectors such as cationic liposomes,[8] 
polymeric,[9] and inorganic nanoparti-
cles[10] are able to deliver siRNA, but they 
still face efficiency and safety issues. 
Remarkably, most nonviral delivery nano-
carriers were cationic or lipid based mate-
rials that have excessive positive surface 
charge, which normally induce systemic 
toxicity and low selectively in vivo.[11] Fur-

thermore, poor blood stability, the existence of blood–brain 
barrier (BBB), off-target issues, as well as inefficient controlled 
release are tough barriers for the RNAi therapy of GBM.[12] 
Therefore, seeking new siRNA delivery strategy is highly 
desired, but very challenging.

To address the aforementioned challenges, a multifunc-
tional single siRNA nanocapsule has been developed to maxi-
mize systemic siRNA brain delivery for GBM RNAi therapy for 
the first time. siRNA molecules are cross-linked via disulfide 
bonds (SS) to form a self-encapsulating polymerization shell 
to protect siRNA from degradation and provide a novel mul-
tistep delivery process whereby intracellular siRNA release is 
triggered in the presence of abundant glutathione (GSH) in the 
cytoplasm. Inspired by the fact that both BBB endothelial cells 
and GBM tissue highly expressed a receptor-related protein 1 
(LRP-1), a specific LRP-1 ligand Angiopep-2 is conjugated on 
the surface of developed siRNA capsules for facilitating BBB 
permeation and GBM tissue targeting.[13] Importantly, the reali-
zation of small size of siRNA nanocapsule and nearly 100% 
siRNA encapsulation by this novel self-encapsulation strategy 
lead to highly effective siRNA BBB penetration and GBM RNAi 

Small interfering RNA (siRNA) has been considered as a highly promising 
therapeutic agent for human cancer treatment including glioblastoma (GBM), 
which is a fatal disease without effective therapy methods. However, siRNA-
based GBM therapy is seriously hampered by a number of challenges in 
siRNA brain delivery including poor stability, short blood circulation, low 
blood–brain barrier (BBB) penetration, and tumor accumulation, as well as 
inefficient siRNA intracellular release. Herein, an Angiopep-2 (Ang) func-
tionalized intracellular-environment-responsive siRNA nanocapsule (Ang-
NCss(siRNA)) is successfully developed as a safe and efficient RNAi agent to 
boost siRNA-based GBM therapy. The experimental results demonstrate that 
the developed Ang-NCss(siRNA) displays long circulation in plasma, efficient 
BBB penetration capability, and GBM accumulation and retention, as well as 
responsive intracellular siRNA release due to the unique design of small size 
(25 nm) with polymeric shell for siRNA protection, Ang functionalization for 
BBB crossing and GBM targeting, and disulfide bond as a linker for intracel-
lular-environment-responsive siRNA release. Such superior properties of Ang-
NCss(siRNA) result in outstanding growth inhibition of orthotopic U87MG 
xenografts without causing adverse effects, achieving remarkably improved 
survival benefits. The developed siRNA nanocapsules provide a new strategy 
for RNAi therapy of GBM and beyond.

Glioblastoma (GBM), an invasive human intracranial malig-
nancy with high mortality and morbidity, remains incurable 
to date.[1] Enormous efforts and research have been devoted 
to treat GBM in the last decades.[2] The clinical standard care 
for GBM patients is maximal surgical resection followed by 
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therapy. The brain delivery capability and GBM RNAi effect of 
Ang-NCss(siRNA) nanocapsules have been systematically eval-
uated in vitro and in vivo, the results demonstrate that it can 
effectively permeate the BBB, actively internalized by U87MG 
GBM cells, and responsively release siRNA into the cytoplasm. 
Moreover, the Ang-NCss(siRNA) nanocapsules can also induce 
a potent and robust anti-GBM effect and remarkably expand 
the survival time of mice with an orthotopic human GBM xeno-
graft. The outstanding RNAi and superb safety performances of 
these brain targeting reduction-responsive siRNA nanocapsules 
make them appealing for GBM therapy.

Ang-NCss(siRNA) nanocapsules were readily prepared as 
shown in Scheme 1. Briefly, positively charged acrylate guani-
dine was decorated on the surface of siRNA via electrostatic 
absorption, followed by polymerized with cross-linkers like 
N,N′-bis(acryloyl) cystamine containing disulfide bonds and 
neutral molecular polyethylene glycol with acylate and suc-
cinate functional end groups. The final Ang-NCss(siRNA) 
siRNA nanocapsules were obtained by functionalizing siRNA 
nanocapsules with Angiopep-2 (Ang) peptide via amidation 
chemical reaction. A nonreduction control (referred to as Ang-
NC(siRNA)) was fabricated in the same way with replacing 
the reduction cross-linker by nondegradable cross-linker N,N′-
methylene bisacrylamide. Taking the advantage of this inter-
facial polymerization strategy, no covalent bond is formed 
between the resulted polymeric shell matrix and encapsulated 
siRNA payload, which ensures that the siRNA can be released 
responsively in the intracellular environment due to the exist-
ence of 2  × 10−3 to 10  × 10−3 m high-concentration GSH in 

the cytoplasm.[14] After polymerization and encapsulation, the 
nanocapsules were purified using a centrifugal filter to remove 
the unreacted monomers and unbound Ang molecules.

The average size of Ang-NCss(siRNA) was 25.3  nm with a 
relatively narrow size distribution (PDI 0.21) and nearly neu-
tral surface charge (Table S1, Supporting Information and 
Figure 1a). Given that naked siRNA had an average diameter of 
5 nm, this further confirms the successful preparation of Ang-
NCss(siRNA) nanocapsules. The nonreduction Ang-NC(siRNA) 
and nontarget NCss(siRNA) controls were observed that dis-
played the similar size. Transmission electron microscopy 
(TEM) photograph showed that Ang-NCss(siRNA) adopted a 
spherical morphology in aqueous solution (Figure 1b). Remark-
ably, a dark core with an average diameter around 5.3  nm in 
each nanocapsule was observed, which is in consistence with 
the size of a naked siRNA and reported nanocapsules with 
single siRNA or protein inside [5d,15] To investigate the stability 
of the Ang-NCss(siRNA), nanocapsules and naked siRNA con-
trol were incubated in cell culture media containing 10% fetal 
bovine serum (FBS) for 1 and 12  h, respectively. Agarose gel 
electrophoresis showed that nanocapsule siRNA maintained 
excellent integrity at 1 h and even 12 h, while naked siRNA was 
degraded at 1  h and could not be detected at 12  h (Figure  1c 
and Figure S1, Supporting Information), indicating that the 
siRNA payload was not damaged by fabrication procedure and 
the resulted nanocapsules can efficiently protect the encapsu-
lated siRNA from enzyme degradation. We further investi-
gated the responsive release in vitro by measuring the siRNA 
release profile in GSH buffer using PBS as control. The results 

Scheme 1.  Illustration of Ang-NCss(siRNA) nanocapsule preparation, efficient BBB penetration, highly specific GBM targeting, responsive drug release, 
and gene silencing.
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revealed that less than 20% siRNA was released in 24 h under 
physiological conditions in the absence of GSH (Figure 1d). In 
contrast, nearly 80% loaded siRNA was released within 24 h in 
the presence of 10 × 10−3 m GSH resulting from fast degrada-
tion of the nanocapsule shell. These in vitro results indicate 
that Ang-NCss(siRNA) may provide a unique solution to simul-
taneously resolve the low stability and inefficient intracellular 
release issues in siRNA delivery confronted by conventional 
siRNA delivery systems.

To evaluate the BBB transcytosis capability of Ang-
NCss(siRNA), we established an in vitro BBB model as our pre-
vious work.[16] A time-dependent BBB permeation behavior of 
nanocapsules was observed (Figure 2a). The cumulative trans-
port ratio of Ang-NCss(siRNA) was 2.2-fold higher than that of 
NCss(siRNA), which is mainly ascribed to Ang functionalized 
nanocapsules that can cross the BBB via an LRP-1 mediated 
transcytosis mechanism. In addition to brain capillary endothe-
lial cells, LRP-1 is also overexpressed on the membrane of U87 
MG human glioblastoma cells.[17] The cellular uptake and intra-
cellular siRNA release of nanocapsules with U87MG cells were 
investigated with flow cytometry and confocal laser scanning 
microscopy (CLSM), respectively. Figure  2b and Figure S2a  
(Supporting Information) demonstrated that Cy5-labeled Ang-
NCss(siRNA) had the best cellular uptake in U87MG cells, 
which was 3.5- and 1.9-fold higher than that of Ang-NC(siRNA) 
and NCss(siRNA), respectively. Interestingly, pretreating 
U87MG cells with free Ang induced a pronounced reduction of 
cellular uptake for Ang-NCss(siRNA), corroborating that these 

nanocapsules present active targeting ability to U87MG cells. 
CLSM results revealed that U87MG cells incubated with Ang-
NCss(siRNA) exhibited strong cytoplasmic fluorescence and 
could escape from the endosome at 4  h, confirming the effi-
cient cellular uptake and responsive intracellular siRNA release 
of the developed Ang-NCss(siRNA). It should be noted that the 
abundant guanidine group can help the siRNA nanocapsules 
penetrate the endosomal membrane for efficient endosome 
escape and transport of siRNA nanocapsules into cytoplasm.[18] 
In contrast, nontargeted NCss(siRNA) and nonreduction Ang-
NC(siRNA) treated cells had obviously less fluorescence and 
there was almost no fluorescence detected in naked siRNA 
incubated cells (Figure 2c and Figure S2b, Supporting Informa-
tion). The experimental results suggest that Ang-NCss(siRNA) 
is able to efficiently target U87MG cells via the active endocy-
tosis with the help of Ang and also responsively release the 
siRNA payload into the cytoplasm triggered by GSH in the 
intracellular environment.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assays showed that siRNA nanocapsules including Ang-
NCss(siRNA), NCss(siRNA), and Ang-NC(siRNA), either at the 
concentration of 200 or 400 × 10−9 m, were nontoxic to U87MG 
cells, signifying their good biocompatibility (Figure 2d). To eval-
uate the gene silencing efficacy of Ang-NCss(siRNA), transfec-
tion studies were performed using luciferase siRNA (siGL3) and 
U87MG cells stably expressing luciferase (U87MG-luc). Cells 
treated with Ang-NCss(siGL3) displayed 67% down-regulation in 
the luciferase expression at siRNA concentration of 400 × 10−9 m  

Figure 1.  a) Size distribution of Ang-NCss(siRNA) and free siRNA determined by DLS. b) TEM images of Ang-NCss(siRNA). c) Gel retardation assays of 
Ang-NCss(siRNA) and naked siRNA with or without FBS incubation for 1 h. d) In vitro siRNA release behavior of Ang-NCss(siRNA). The release studies 
were performed at pH 7.4 and 37 °C either in the presence or absence of 10 × 10−3 m GSH.
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Figure 2.  a) Cumulative transport ratio of Ang-NCss(siRNA), NCss(siRNA), and Ang-NC(siRNA) nanocapsules across the in vitro BBB barrier at 2, 10, 
and 24 h (Cy5-siRNA concentration: 200 × 10−9 m). Data are presented as mean ± SD (n = 3, one-way analysis of variance (ANOVA) and Tukey multiple 
comparisons tests, *p < 0.05, **p < 0.01). b) Cellular uptake of U87MG cells in the substrate chamber of the BBB model treated with Ang-NCss(siRNA), 
NCss(siRNA), Ang-NC(siRNA), and free siRNA for 24 h incubation and studied by flow cytometry. The competitive inhibition experiments were per-
formed by pretreating U87MG cells with free Ang (200 µg mL−1) for 4 h before adding Ang-NCss(siRNA). c) CLSM images of U87MG cells following 
transfection with Ang-NCss(siRNA) (Cy5-siRNA dosage: 200 × 10−9 m) for 4 h. For each panel, the images from left to right were cell nuclei stained by 
Hochest (blue), lysosome stained by lysotracker green (green), Cy5-siRNA (red), and overlays of the three images. The bar represents 20 µm. d) Cell 
viability of U87MG glioblastoma cells following 48 h incubation with Ang-NCss(siRNA), NCss (siRNA), and Ang-NC(siRNA). e) In vitro luciferase gene 
knockdown efficacy of Ang-NCss(siGL3), Ang-NCss(siCtrl), NCss(siGL3), Ang-NC(siGL3), free siGL3, Lipo (siGL3), and Lipo (siCtrl) in U87MG cells. 
The transfection was carried out for 48 h. f) PLK1 mRNA level of Ang-NCss(siPLK1) in U87MG cells following 48 h incubation (400 × 10−9 m siPLK1 or 
siCtrl). Lipo (siPLK1) was used as a positive control. Data are presented as mean ± SD (n = 5, one-way Anova and Tukey multiple comparisons tests, 
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(Figure  2e). Meanwhile, cells treated with scrambled control 
nanocapsules Ang-NCss(siCtrl) did not show downregulation. 
Moreover, NCss(siRNA) and Ang-NC(siRNA) induced signifi-
cantly lower knocking down efficiencies in the luciferase expres-
sion, which were 33% and 39%, respectively. We then carried 
out quantitative real-time experiment with U87MG cells trans-
fected with Polo like kinase 1 specific siRNA (siPLK1) nanocap-
sules. Figure 2f shows that the relative PLK1 mRNA expression 
of cells treated with Ang-NCss(siPLK1) (34%) was significantly 
lower than those with NCss(siPLK1) and Ang-NC (siPLK1) (61% 
and 67%, respectively). As expected, Ang-NCss(siCtrl) and free 
siPLK1 did not cause any reduction of PLK1 mRNA level. Inter-
estingly, Ang-NCss(siRNA) displayed comparable gene knock-
down capability but less toxic in contrast with a commercial pos-
itive control (lipofectamine 2000). Western blot assays further 
confirmed that U87MG cells treated with Ang-NCss(siPLK1) had 
remarkably low PLK1 protein level (Figure  2g and Figure S3, 
Supporting Information). To further unveil the gene silencing 
activity of Ang-NCss(siRNA), apoptosis studies using Annexin V 
and PI double staining showed that Ang-NCss(siPLK1) induced 
significantly apoptosis (≈32.8%) of U87MG cells, which was 
more potent than NCss(siPLK1) (≈9.5%) and Ang-NC(siPLK1) 
(≈8.1%) controls Almost no cell apoptosis was observed for 
free siPLK1. The superior gene knockdown efficacy of Ang-
NCss(siPLK1) nanocapsules results from the efficient U87MG 
cell targeting, cell uptake and responsive release of siPLK1 
in intracellular environment. Tumor penetration capability 
was further evaluated by single injection of Cy5-labled Ang-
NCss(siRNA) into mice bearing orthotopic U87MG tumors, 
the results indicated that Ang-NCss(siRNA) show a higher dis-
tribution in blood vessels and better penetration in glioma as 
compared to NCss(siRNA), Ang-NC(siRNA), and free siRNA 
controls (Figure  2i and Figure S4, Supporting Information). 
With the delivery of Ang-NCss(siRNA), the Cy5-siRNA payload 
can be transported and detected throughout the whole deep 
tumor tissue, but little accumulation can be observed in normal 
brain tissue, indicating the outstanding properties of Ang-
NCss(siRNA) for siRNA delivery including highly specific tumor 
targeting, penetration and efficiently responsive siRNA release.

For pharmacokinetic studies, Cy5-labeled siRNA nanocap-
sules were administrated with tumor-free mice via tail intrave-
nous (i.v.) and concentrations were measured at different inter-
vals postinjection. Notably, Ang-NCss(siRNA) boosted a long 
plasma elimination half-life (t1/2, β) of 46  min, similar to that 
of NCss(siRNA) and Ang-NC(siRNA). In comparison, naked 
siRNA was quick eliminated from the circulation and had a 
short half-life of 5 min (Figure 3a), in accordance with reported 
values.[19] These results verified that Ang peptide does not affect 
the pharmacokinetics of Ang-NCss(siRNA) nanocapsules. The 
body distribution of accumulation of siRNA nanocapsules was 
evaluated in orthotopic U87MG-luc glioblastoma mice model. 
The siRNA nanocapsules were labeled with Cy5 and monitored 

by in vivo near-infrared fluorescence imaging (IVIS Lumia III) 
after tail i.v. injection. The images displayed that strong Cy5 
fluorescence was observed in the brain at 2 h postinjection of 
Ang-NCss(siRNA), the strong fluorescence intensity sustained 
up to 24  h (Figure  3b). However, relatively weak fluorescence 
was observed in glioblastoma of mice with treatment of con-
trol groups including NCss(siRNA), Ang-NC(siRNA), and naked 
siRNA. All these results signifying the critical roles of Ang 
functionalization and disulfide bond cross-link in the design of 
Ang-NCss(siRNA) for achieving efficient BBB permeation, glio-
blastoma accumulation and retention.

To investigate the in vivo gene silencing performance of 
siRNA nanocapsules, different nanocapsules formulations were 
injected into mice bearing U87MG-luc orthotopic glioblastoma 
via a single i.v. administration. In contrast to rapid increase of 
tumor bioluminescence in mice treated with Ang-NCss(siCtrl), 
free siGL3 and PBS, the reduction of glioblastoma biolumines-
cence can be observed in the Ang-NCss(siGL3), NCss(siGL3), 
and Ang-NC(siGL3) groups (Figure 3c). Furthermore, the quan-
titative analysis revealed that Ang-NCss(siGL3) resulted in 59% 
decreasing of tumor bioluminescence, significantly efficient 
than that of nontargeted NCss(siGL3) (22%) and Ang-NC(siGL3) 
(20%) at 72 h postsystemic injection (Figure 3d). These results 
in line with in vitro gene silencing and further confirm that 
Ang-NCss(siGL3) can effectively interfere with the expression of 
the luciferase reporter gene in vitro and in vivo. Interestingly,  
ex vivo images revealed that mice treated with Ang-NCss(siRNA) 
had significantly high Cy5-siRNA fluorescence in glioblastoma 
than other major organs (Figure 3e). Furthermore, Cy5-siRNA 
fluorescence in glioblastoma treated with Ang-NCss(siRNA) is 
also stronger than these of NCss(siRNA), Ang-NC(siRNA), and 
naked siRNA. It should be noted that the Cy5-siRNA fluores-
cence in brain is well colocalized with the bioluminescence of 
orthotopic U87MG-luc glioblastoma, indicating the excellent 
GBM targeting capability of Ang-NCss(siRNA) after passing 
BBB. The biodistribution of different Cy5-siRNA nanocap-
sules was also investigated in mice bearing U87MG-luc ortho-
topic glioblastoma and quantified with fluorometry spectrom-
eter. For Ang-NCss(siRNA), Cy5-siRNA accumulated in tumor 
was remarkably reach to 6.69% of injected dose per gram of 
tissue (%ID/g), which was comparable to Ang-NC(siRNA), 
but 2.7- and 13.6-fold higher than those of NCss(siRNA) and 
naked siRNA control groups, respectively (Figure  3f). Inter-
estingly, though stronger fluorescence was observed in the 
tumor than in the liver after 4h post-administration of Ang-
NCss(siRNA) (Figure 3e), comparable siRNA accumulation 
was quantified. This might be ascribed to the encapsulated 
siRNA being totally extracted and detected by quantification 
both in tumor and in the liver. Meanwhile, for imaging, the 
fluorescence of unreleased Cy5-siRNA in liver is readily self-
quenched due to the homo fluorescence resonance energy 
transfer (FRET) effect,[20] which leads to inadequate detection 

**p < 0.01, ***p < 0.001). g) Western blot assay of Ang-NCss(siPLK1) in U87MG cells following 48 h incubation (400 × 10−9 m siPLK1). h) Apoptosis 
assay of U87MG cells after 48 h incubation with Ang-NCss(siPLK1) in U87MG cells. i) Tumor penetration behavior of Ang-NCss(siRNA) observed by 
CLSM. Tumor sections are obtained from U87MG-GBM-bearing mice following 4 h tail vein injection of Ang-NCss(siRNA) (1 mg Cy5-siRNA equiv. kg−1). 
The nuclei are stained with DAPI (blue) and blood vessels are stained with CD31 (green), Cy5-siRNA are presented as red. Dotted lines indicate the 
boundary of the tumor. N: normal brain tissue; T: tumor. The scale bars correspond to 50 µm.
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by the IVIS imaging system. This could also explain though 
Ang-NC(siRNA) had similar physiochemical properties as 
compared to Ang-NCss(siRNA), demonstrating quite different 
imaging results (Figure  3b,e) but similar quantification bio-
distribution. The antiglioblastoma effect of Ang-NCss(siPLK1) 
nanocapsules was investigated in U87MG-luc orthotopic xeno-
grafts with a totally five-dose injection (siRNA dosage: 2  mg 
siPLK1 equiv. kg−1). The tumor growth was monitored with an 
in vivo bioluminescence imaging machine (IVIS Lumia III) by 
injecting D-luciferin potassium salt substrate. The captured 
images exhibited that Ang-NCss(siPLK1) potently restrain the 

glioblastoma proliferation compared with the NCss(siPLK1) 
and Ang-NC(siPLK1) controls over the period of the treat-
ment (Figure  4a). Unsurprisingly, rapid tumor growth was 
observed in Ang-NCss(siCtrl), naked siPLK1, and PBS groups. 
The semiquantitative bioluminescence analysis corroborated 
that significantly U87MG glioblastoma inhibition was induced 
by Ang-NCss(siPLK1) nanocapsules versus NCss(siPLK1) and 
Ang-NC(siPLK1) counterparts (Figure 4b), resulting from effec-
tive BBB permeation, enhanced tumor accumulation and reten-
tion, selective cellular uptake and responsive siRNA release. 
Intriguingly, Ang-NCss(siPLK1) caused negligible body weight 

Figure 3.  a) In vivo pharmacokinetics of Ang-NCss(siRNA), NCss(siRNA), Ang-NC(siRNA), and free siRNA in tumor-free mice (1 mg Cy5-siRNA equiv. 
kg−1). Cy5-siRNA levels were determined by fluorescence spectroscopy and expressed as injected dose per gram of blood (%ID g−1). Data are presented 
as mean ± SD (n = 3). b) The in vivo fluorescence images of nude mice bearing orthotopic U87MG-luc human glioblastoma tumor at different time 
points after the injection of Ang-NCss(siRNA), NCss(siRNA), Ang-NC(siRNA), and free siRNA (1 mg Cy5-siRNA equiv. kg−1). c) Luciferase expression 
of brain in the mice at 0, 24, 48, or 72 h postinjection of Ang-NCss(siGL3), Ang-NCss(siCtrl), NCss(siGL3), Ang-NC(siGL3), or free siGL3 (1 mg siRNA 
equiv. kg−1). d) Bioluminescence intensity of the glioblastoma tumor. e) Bioluminescence and Cy5-siRNA fluorescence images of major organs from 
nude mice bearing orthotopic U87MG-luc human glioblastoma tumor 4 h after i.v. injection of Ang-NCss(siRNA), NCss(siRNA), Ang-NC(siRNA), and 
free siRNA (1 mg Cy5-siRNA equiv. kg−1). f) Quantification of siRNA accumulation in different organs. Cy5-siRNA levels were determined by fluores-
cence spectroscopy and expressed as injected dose per gram of tissue (%ID g−1). Data are presented as mean ± SD (n = 3, one-way ANOVA and Tukey 
multiple comparisons tests, *p < 0.05, ***p < 0.001).
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change, indicating that they can efficiently inhibit the growth 
of glioblastoma without adverse effects (Figure  4c). In com-
parison, mice with treatment of Ang-NCss(siCtrl), free siPLK1 
and PBS revealed significantly body weight loss (≈30%) in 20 d,  

likely due to the fast glioblastoma progression and aggressive 
invasion into the healthy central nervous system in the brain of 
treated mice model. Kaplan–Meier survival curves showed that 
mice treated with Ang-NCss(siPLK1) significantly expanded the 

Figure 4.  a) Luminescence images of nude mice bearing orthotopic U87MG-luc human glioblastoma tumor after treatment with Ang-NCss(siPLK1), 
Ang-NCss(siCtrl), NCss(siPLK1), Ang-NC(siPLK1), free siPLK1 or PBS. The mice were intravenously injected at a dose of 2 mg siRNA equiv. kg−1 on day 
10, 12, 14, 16, and 18 post-tumor implantation. b) Quantified luminescence levels of mice using the Lumina IVIS III system. c) Body weight changes 
in mice. Data are presented as mean ± SD (n = 7, one-way ANOVA and Tukey multiple comparisons tests, *p < 0.05, ***p < 0.001). d) Mice survival 
rates. Statistical analysis: Ang-NCss(siPLK1) versus NCss(siPLK1) or Ang-NC(siPLK1), **p < 0.01; Ang-NCss(siPLK1) versus Ang-NCss(siCtrl), free siPLK1 
or PBS, ***p < 0.001 (Kaplan–Meier analysis, log-rank test). e) Tumor slices excised from nude mice bearing orthotopic U87MG-luc human glioblas-
toma tumor following treatment using TUNEL and proliferation (Ki67) staining. Scale bars were 100 µm for TUNEL and 200 µm for Ki67, respectively.
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survival time of glioblastoma-bearing mice, which had a long 
median survival time of 42 d (Figure 4d). Meanwhile, animals 
treated with Ang-NCss(siCtrl), free siPLK1, and PBS all died in 
28 d. The nontargeted NCss(siPLK1) and nonreduction Ang-
NC(siPLK1) groups partially improved the mice survival rate, in 
which median survival time of 26 d. Notably, reduction PLK1 
mRNA in tumors was detected for Ang-NCss(siPLK1) nanocap-
sules treatments (Figure S5, Supporting Information).

To unveil the apoptosis induction of these nanocapsules, 
in situ TUNEL assay was employed for glioblastoma tissue 
analysis after treatment with different groups. The glioblas-
toma tissue collected from Ang-NCss(siPLK1) showed the 
highest apoptosis level in the tumor among all the groups. 
Moreover, the immunohistochemistry analysis of prolif-
eration further indicated these nanocapsules induced the 
lowest level of tumor cell proliferation (Figure  4e). Histo-
logical analysis using H&E staining demonstrated that all 
nanocapsules have negligible damage to the major organs 
(Figure S6, Supporting Information). We further performed 
serial daily blood monitoring of white blood cell (WBC), 
red blood cell (RBC), and platelet (PLT) levels in healthy 
Balb/C mice. The results shows that mice treated with Ang-
NCss(siPLK1) had considerably stable WBC, RBC and PLT 
levels over the treatment course compared to PBS groups 
(Figure S7a–c, Supporting Information). Furthermore, the 
body weight of mice treated with Ang-NCss(siPLK1) had 
minimal change during the period (Figure S7d, Supporting 
Information). These data suggest that Ang-NCss(siPLK1) 
possess good biocompatibility. We have successfully devel-
oped a novel strategy for effective brain siRNA delivery that 
self-encapsulates therapeutic siRNA within an intracellular 
environment responsive polymeric shell to produce ultra-
small siRNA nanocapsules, followed by functionalized with a 
simple targeting ligand which can target both BBB-transport 
and tumor cells in the brain using a “one stone two birds” 
strategy. The developed brain targeting siRNA nanocapsules 
(Ang-NCss(siRNA)) uniquely integrate all functions in one: 
i) they have a particular small size with a polymeric shell 
which can protect siRNA in core from degradation during the 
multi-step delivery process and facilitate BBB penetration;  
ii) they are stable in plasma and have a long siRNA circu-
lation time; iii) they can not only effectively cross BBB via 
LRP-1 mediated transcytosis mechanism but selectively inter-
nalized by U87MG glioblastoma cells via LRP-1 receptor 
mediated endocytosis (one stone two birds); iv) they respon-
sively release siRNA into the cytoplasmic due to GSH trig-
gered nanocapsule degradation, leading to efficacious and 
specific gene knockdown; v) in addition to high RNAi and 
tumor inhibition efficacy, they are safe and easy to be fabri-
cated with a high yield of siRNA encapsulation. We believe 
developed siRNA capsules with these superior advantages 
not only offer a safe and efficient tool for glioblastoma RNAi 
therapy, but also can be used in other brain disease therapy.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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